Summary. Osmolarity changes in inner ear fluids have long been considered to be contributing factors to Meni~re's disease. Our present study demonstrates that small changes in the osmolarity of a surrounding in vitro medium induce fast contractions (hypo-osmotic solution) or elongations (hyperosmotic solution) in isolated outer hair cells of the guinea pig. These changes were reversible upon returning cells to iso-osmotic conditions. Up to five cycles of shape change could be sustained by these cells without obvious detriment to their morphology. These findings suggest that fluctuant changes in osmolarity of inner ear fluids can result in similar fluctuant changes of hair cell shape. Since the outer hair cells may control cochlear micromechanics and function by their active motility, osmotically induced abnormalities of cell dimensions and motility may contribute to the audiological manifestations of fluctuant hearing loss.
Introduction
The hair cells of the sensory epithelium of the organ of Corti are bathed by two fluids of widely different ionic compositions. The cuticular plate with the stereocilia is exposed to the endolymph (or an endolymph-like fluid), while the lateral and basal membranes of the cells are surrounded by the perilymphlike cortilymph. Endolymph (high K § low Na § not only has a different composition from perilymph but also has a higher osmolarity. (In the rat, perilymph is Offprint requests to: J. Schacht 289 mosmol while endolymph varies from 317 to 329 mosmol [7] ). Consequently, any changes in the ionic composition or osmolarity of the fluids bathing the hair cells can have pathological effects on cochlear function.
Damage to hair cells by high K + concentrations has long been recognized [6] and Zenner et al. [11] were able to show in elegant experiments that K + induced reversible contractions in outer hair cells in vitro. In contrast, less attention has been paid to osmotic influences, presumably because these influences have been thought to lead to irreversible destruction of the cells affected [6, 11] . However, it seems important to consider this question in greater detail, since osmotic disturbances may underlie some inner ear dysfunctions.
An osmotic imbalance in the endolymph has been postulated to cause such disorders as tinnitus and fluctuating hearing loss, inclusive of Meni6re's disease [2, 5] . An altered osmolarity of the endolymph would equally lead to an altered osmolarity of the perilymph due to water movements across the endolymph/perilymph barriers. The fact that such osmotic agents as glycerol are able to cause a temporary reversal of clinical audiological dysfunction is in good support of an osmotic component in Meni~re's disease [1] . We now report osmotically induced reversible length changes of isolated outer hair ceils and discuss their potential importance in inner ear disorders.
Materials and methods
Pigmented guinea pigs (280-340 g) were decapitated without anesthesia and the temporal bones quickly removed. The bullae and the bony walls of the cochleae were immediately opened and the upper turns of the organ of Corti removed. These were kept in Hank's balanced salt solution (HBSS) without NaHCO3 and buffered to pH 7.4 with 5mM sodium HEPES. The solution was then adjusted to 300 mosmol with NaC1. After collagenase treatment (0.1mg/ml HBSS for 15 rain), the tissues were placed in HBSS supplemented with 5% fetal calf serum and outer hair cells were isolated microsurgically.
For the present experiments, the isolated cells were transferred into 50 gl of HBSS in a Petri dish (Nunclon; A/S Nunc, Roskilde, Denmark) and allowed to settle for 5 min in order to attach themselves to the bottom of the dish. The cells were then continuously superfused with the selected medium at a rate of 50 gl/min by means of a peristaltic pump (MS 4/8; Isomatec, Zt~rich, Switzerland). The osmolarity of the HBSS was lowered with water or increased by addition of NaC1, and was controlled before and during the experiments with a microosmometer (Roebling, West Berlin).
The morphology of the cells was continuously monitored via a video camera system attached to an inverted microscope (Fluovert; Leitz, Wetzlar, FRG) and the images were recorded for analysis with a U-matic video cassette recorder (VO-5800 PS; Sony Corporation, Japan).
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Results
Outer hair cells can easily be distinguished from other cells of the organ of Corti by their specific morphology. They have a long cylindrical shape with a length of 60-80 ~tm (hair cells of the upper turns [8] ) and a diameter of around 10 gm. In the isolated cells (Fig. 1) , the cuticular plate and the bundles of stereocilia are clearly seen at the apical end of the cells while remnants of synaptic endings are frequently found attached to their base. Hair cells with cytoplasmic granulations, high nucleus, swelling or other indications of deterioration [8] were excluded from our present study. Hair cells can maintain their viability in vitro for several (4-6) h, as judged by their morphology, ability to exclude trypan blue, and intracellular potential [4] .
When subjected to a change of osmolarity in the surrounding medium, outer hair cells reacted with a rapid change in their shape. In decreasing osmolarity, the cells contracted within seconds ( Fig. 2A and  B) . This contraction was reversible, and the cells returned to their initial length when they were re-exposed to iso-osmotic HBSS (Fig. 2C) . Conversely, the cells reversibly elongated upon exposure to hyperosmotic HBSS. The changes in lengths were paralleled by changes in cell volumes as indicated by a concomitant change of the diameter of the cell: an increase in volume accompanied the contraction and vice-versa.
Several cycles of such shape changes could be sustained by the hair cells without apparent degeneration (Fig. 3) . The cells were able to support an intact morphology for 15 min at osmolarities between 280 and 330 mosmol and to recover their original shapes when exposed again to iso-osmotic HBSS. Prolonged exposure to hypo-or hyperosmolarity, however, re- The isolated hair cells were highly sensitive to even small variations in osmolarity. A change of only 3% (from 300 to 290mosmol) led to a change in length of 2.4% + 1.2% (n = 5). Contractions averaging 11.3% _+ 2.2% (n = 29) were found for a 10% difference in osmolarity.
These changes in length were fast, ranging between 200 and 500nm/s. The rate of recovery was equally rapid, and there was no difference in rate with the number of cycles of contractions and elongations that a cell had undergone.
Discussion
As currently understood, outer hair cells regulate the micromechanics of the basilar m e m b r a n e and there- Zenner [10] recently proposed reversible, K § -duced contractions of outer hair cells as a hypothetical basis for Meni6re's disease. This attractive model is based on equally compelling in vitro analogies to the in vitro situation. Our model does not argue against K § intoxication as a mechanism in Meni6re's disease. On the contrary, the two models are highly compatible. Meni6re's disease has complex etiologies and manifestations, and both osmolarity changes and K § intoxication may occur at different stages or forms of the disease. K § depolarization of hair cells can explain aberrant stimulation of afferent fibers during an attack, i.e., the occurrence of tinnitus. On the other hand, the osmotic model does not need to postulate a rupture of Reissner's membrane or K § leakage into the perilymph, but simply a fluctuant change in the osmolarity of inner ear fluids. Moreover, it explains why glycerol would be an effective antidote during such an osmotic disequilibrium.
The attractiveness of the two models of osmotic imbalance and K § intoxication is that they are based on different disturbances of the homeostasis of inner ear fluids and yet arrive at essentially identical conclusions, namely the involvement of the outer hair cells. This lends further credence to the hypothesis that the motile and micromechanical properties of outer hair cells are a primary target in Menibre's disease.
